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Abstract
The amounts of adenylyl cyclase type I (AC I) were examined in various parts of the postmortem brains from alcoholics
who prior to death had been abstinent from alcohol for at least 6 months and compared with controls using immunoblot
analysis with anti-AC I specific antibody. It was revealed that a significant reduction of AC I was observed in both frontal
and temporal cortices. On the other hand, in other areas (occipital cortex, caudate nucleus, putamen, and hippocampus) the
amounts were comparable between alcoholics and controls. In the next step, we examined two subtypes of human AC
mRNA levels (AC I and AC VIII) in blood cells by quantitative RT-PCR using [K-32P]dCTP with two sets of the synthetic
oligonucleotide primers based on the DNA sequences reported elsewhere (Villacres, E.C. et al., Genomics 16 (1993) 473^478;
J. Parma et al., Biochem. Biophys. Res. Commun. 179 (1991) 455^462). The amounts of amplified DNAs of both AC I and
AC VIII were significantly smaller in alcoholics than in controls. On the other hand, the amounts of amplified DNA of
L-actin DNA were almost equal between alcoholics and controls. It appears from these results that a reduction in the amount
of AC subtypes may be a biological marker for alcoholics. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
It has been demonstrated that the signal transduc-
tion pathways involving adenylyl cyclase (AC) are
altered by ethanol in mammalian cells. The long-
term ingestion of ethanol has been shown to attenu-
ate AC activity in mouse cerebral cortex [1]. Both
basal and receptor-mediated cAMP accumulations
are decreased in lymphocytes from alcoholics com-
pared with control subjects [2]. In addition, platelets
from abstinent alcoholic subjects also show lower
AC activity than controls [3,4]. Our recent study
demonstrated that type I AC (AC I) was reduced
in amount in the temporal cortical membranes of
the postmortem brains of alcoholics [5].
The regulation of AC activity is inducible in con-
cert with receptor and G-protein in vivo. Chronic
ingestion of ethanol has been demonstrated to reduce
the amount of Gs in mice cerebral cortex and the
amount of Gs in human platelets has been shown
to be decreased in alcoholics compared with controls
[6]. Ethanol-induced augmentation of labeling of
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G proteins by GTP analog (azidoanilido GTP) is
attenuated in the postmortem human brain of alco-
holics compared with controls [7,8].
Intracellular cAMP is involved in many neuronal
functions, such as ion channels, transcription, and
synaptic plasticity [9,10]. AC I has been shown to
be predominant in brain [10,11] and the mutant
mice whose AC I is inactivated by mutagenesis
show de¢cient spatial memory and altered long
term potentiation [12,13].
In the present study, we focused on AC I and
investigated the amount of AC I in the postmortem
brains of alcoholics. In the next step, we analyzed
mRNA levels of AC I and AC VIII by RT-PCR
using RNA from the blood cells of at least 6-
month-abstinent alcoholics.
2. Materials and methods
2.1. Subjects
Postmortem human brain samples were obtained
from the brain bank system as reported elsewhere
[14]. Brain tissue samples were obtained from eight
alcoholic patients (average age 70.7 years) and eight
controls (average age of 77.2 years) without histories
of neurological or psychiatric disorders who were
hospitalized and died from somatic disorders, such
as coronary sclerosis, pulmonary embolism, hypovo-
lemic shock, or myocardial infarction. Human blood
samples were obtained from eight alcoholic patients
(average age 49.8 years) who were ¢rst-degree or
second-degree family-history positive and eight
healthy volunteers (average age 35.5 years) who
were non-drinkers or only social drinkers. Both the
postmortem human brains and blood samples from
alcoholics met DSM IV criteria for alcohol depend-
ence and all subjects had been abstinent from alcohol
for at least 6 months.
2.2. Brain membranes
The following procedures were performed at 4‡C
unless otherwise stated. Frozen brains were homog-
enized with 10 vols. (w/v) of bu¡er A (20 mM
Tris-HCl (pH 7.5), 0.32 M sucrose, 1 mM DTT,
and 0.2 mM phenylmethylsulfonyl £uoride) with a
motor-driven Te£on pestle and glass homogenizer.
Homogenates were ¢ltered through two layers of
cheesecloth and centrifuged at 800Ug for 10 min.
The supernatants were collected and centrifuged at
40 000Ug for 30 min. The ¢nal pellets were resus-
pended in 5 vols. of bu¡er A and stored at 380‡C
until use.
2.3. Immunoblotting and densitometric analysis
The brain membranes containing 10 Wg protein
were subjected to polyacrylamide gel electrophoresis
in the presence of SDS (0.1% w/v) (SDS-PAGE) by
the method of Laemmli [15] and then transferred to
PVDF membrane for 14 h at 12 V in the presence of
transfer bu¡er (10 mM CAPS (pH 11), and 10%
methanol (v/v)). The blots were blocked with 2%
skim milk in PBS and then probed with anti-AC I
antibody (sc586, Santa Cruz Biotechnology) (1 to
1000 dilution). All blots were incubated with horse-
radish peroxidase-conjugated goat anti-rabbit IgG
(1 to 3000 dilution with PBS) (Jackson Immuno-
Research). Finally, after washing, antibody visualiza-
tion was performed using an ECL-Western blotting
detection system (Amersham). Densitometric analy-
sis of the immunostained bands was performed with
a Personal Scanning Imager PDSI (Molecular Dy-
namics).
2.4. Quantitative RT-PCR
Total RNA was extracted from the blood cells.
The collected blood was mixed with heparin to avoid
coagulation and the following procedures were per-
formed about 3 h after collection. Five times volume
of the red blood cell lysis solution (10 mM Tris-HCl,
pH 8.0, 5 mM MgCl2, and 5 mM NaCl) was added
and centrifuged at 600Ug for 5 min. The pellet was
suspended again with the lysis solution and the pro-
cedures were repeated two more times. Total RNA
was prepared from the blood cells with an SV Total
RNA Isolation System (Promega). To prepare ¢rst
strand cDNA, 1 Wg of RNA was incubated in 100 Wl
of bu¡er containing 200 U of reverse transcriptase II
(Gibco-BRL) and 0.1 mM oligo (dT)12ÿ18 (Gibco-
BRL). The AC gene was ampli¢ed by PCR with
synthesized primers based on the sequence of human
AC [16,17]. Ten Wl of the ¢rst strand cDNA solution
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was incubated with 0.5 WM sense and 0.5 WM anti-
sense primers in a solution containing 20 mM Tris-
HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl2, 1.5 U
DNA polymerase (Expand High Fidelity PCR Sys-
tem, Boehringer), 0.25 mM dATP, 0.25 mM dGTP,
0.25 mM dTTP, 0.25 mM dCTP and 1 WCi
[K-32P]dCTP (6.6 nM) (total volume of 50 Wl).
Annealing temperatures used were 55‡C for AC I
DNA [16], 54‡C for AC VIII DNA [17], and 56‡C
for L-actin DNA [18]. After PCR (30 cycles for both
AC I and AC VIII DNA, and 20 cycles for L-actin
DNA), samples (10 Wl) were subjected to agarose gel
electrophoresis (2% agarose), and the gels were dried
under vacuum. Radioactive bands were detected us-
ing a Fuji Image Analyzer Bas 2000.
2.5. Others
Protein concentrations were determined by a BCA
Protein Assay Reagent Kit (Pierce) using bovine se-
rum albumin as standard. Statistical analysis was
done using Student’s t-test with a value of P6 0.05
considered as signi¢cant.
3. Results
In order to examine if the amount of AC I is
regionally altered in the brain membranes of alco-
holics, we prepared postmortem human brain mem-
branes from frontal, temporal, and occipital cortices
and caudate nucleus, putamen, and hippocampus
from both the alcoholics and controls, and then per-
formed immunoblot analyses using anti-AC I anti-
body (sc586) which is commercially available. Fig.
1 shows immunoblot analysis with control human
brain membranes containing 10 Wg protein with
sc586. This antibody speci¢cally reacted with the
protein band with an apparent molecular mass of
120 kDa (Fig. 1). Previously, we demonstrated the
speci¢city of sc586 which binds to a 120-kDa pro-
tein, presumably AC I, by immunoblotting and the
immunostained band was diminished in a concentra-
tion-dependent manner by co-incubation with the
synthetic peptide that had been used for immuniza-
tion [19]. With sc586, quantitative di¡erences among
various tissue samples were also indicated [19]. Using
this antibody, immunoblot analysis was performed
with the postmortem brain membranes from various
regions of alcoholics and compared with controls
(Fig. 2). It is intriguing that the intensities of the
120-kDa immunostained bands were lower in the
alcoholics than in controls in both the frontal and
temporal cortices (Fig. 2, panels A and 2), while the
intensities in other areas (occipital cortex, caudate
nucleus, and putamen) appeared to be comparable
between the two groups (Fig. 2C^E). Densitometric
Fig. 1. Speci¢city of the anti-AC I antibody (sc586). The con-
trol human brain membranes containing 10 Wg proteins were
subjected to SDS-PAGE and transferred to PVDF membrane.
Blot was incubated with sc586 and antibody visualization was
performed using ECL-Western blotting detection system (Amer-
sham) (details are in Section 2). Lane 1, Coomassie staining;
lane 2, immunoblotting. Molecular weights marked in kilodal-
tons are indicated on the left.
Table 1
Synthetic oligonucleotide primers used for quantitative RT-PCR
Position
AC I [16]
5P-aagatcaagaccatcgggagcacctac-3P 1914
5P-cacgttgactgtgtttccccagatgtcg-3P 2177
AC VIII [17]
5P-aagattaagaccattggcagcacctacatgg-3P 1366
5P-caggttcacagttttgccccaaatgtcatac-3P 1623
L-Actin [18]
5P-ctgtctggcggcaccacca-3P 936
5P-gcaactaagtcatagtccgc-3P 1189
Numbered positions of the 5P-ends of the primers are identical
with the reported DNA numbered [16^18]
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analysis revealed that the intensities were signi¢-
cantly decreased in alcoholics in both the frontal
and temporal cortices, but that they were comparable
in other areas (Fig. 3). The intensities of the 120-
kDa-immunostained bands in the hippocampus
tended to be decreased in alcoholics (Fig. 2F),
although the di¡erence was not statistically signi¢-
cant, possibly because of the small number of sam-
ples (Fig. 3). Therefore, it is concluded that the
amount of AC I is regionally reduced in the brain
of alcoholics. These results clearly indicate that the
amount of the mRNA of AC I is also reduced in
alcoholics. Unfortunately, attempts to obtain RNAs
from the postmortem brains failed due to intrinsic
RNase activities.
We next examined mRNA levels in blood cells by
reverse transcription-polymerase chain reaction (RT-
PCR). Blood cells were collected from the alcoholic
patients who were all in long-term abstinence from
alcoholic and family-history positive. To ascertain if
equal amounts of message were present in the di¡er-
ent samples, ampli¢cation of L-actin DNA [18] with
the control primers (Table 1) was performed (Fig.
4A). The molecular mass of the ampli¢ed PCR prod-
uct was matched with the estimated mass (254 bp).
As the ampli¢cation of the amount of the PCR prod-
ucts was linear until 25 cycle-reactions (data not
shown), samples after 20-cycle reactions were sub-
jected to agarose gel electrophoresis and the radio-
activities of the 254-bp product bands were measured
(Fig. 4B). It was shown that about equal amounts of
messages were present in all samples. In order to
analyze mRNA for AC I, we performed RT-PCR
with the set of the synthetic oligonucleotide primers
(Fig. 5A). Based on the human AC I DNA sequence
[16], sense and anti-sense oligonucleotide primers
that corresponded with the C-terminal cytoplasmic
region of AC I were synthesized (Table 1). The mo-
lecular mass of the ampli¢ed PCR product was
matched with the estimated mass (264 bp). As the
ampli¢cation of the amount of the PCR products
was linear until 35 cycle-reactions (data not shown),
Fig. 2. Representative immunoblot of the brain membranes from various regions. Brain membranes containing 10 Wg proteins were
subjected to SDS-PAGE and immunoblotting was performed with sc586. (A) frontal cortex; (B) temporal cortex; (C) occipital cortex;
(D) caudate nucleus; (E) putamen; (F) hippocampus. Molecular weights marked in kilodaltons are indicated on the left. Samples
from 16 brains are individually distinguished by a labeling system on the top of each gel : from a to h and 1 to 8 for controls and al-
coholics, respectively.
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samples after 30 cycle-reactions were subjected to
agarose gel electrophoresis and the radioactivity of
the 264-bp product bands was measured (Fig. 5). The
intensities of AC I DNA products from the alcoholic
materials were signi¢cantly lower than those from
the controls (Fig. 5B). Recently, type VIII adenylyl
cyclase (AC VIII) was cloned from rat brain and the
deduced amino acid sequence was 98% identical with
over the 675 amino acids from the human AC DNA
[17,20]. We next performed RT-PCR for the AC VIII
DNA with the set of the synthetic oligonucleotide
primers (Table 1). The molecular mass of the ampli-
¢ed PCR product was matched with the estimated
mass (258 bp). As the ampli¢cation of the amount
of the PCR products was linear until 35 cycle-reac-
tions (data not shown), samples after 30 cycle-reac-
tions were subjected to agarose gel electrophoresis
and the radioactivity of the 258-bp product bands
was measured (Fig. 6A). Interestingly, the ampli¢ed
DNA for AC VIII was also signi¢cantly lower than
controls (Fig. 6B).
4. Discussion
In the present study, it was revealed that type I AC
protein was reduced in amounts in the frontal and
temporal cortices of postmortem human brains of
alcoholic subjects compared with the controls, but
that there were comparable amounts in other areas
(occipital cortex, caudate nucleus, putamen and hip-
pocampus) between the two groups (Figs. 2 and 3).
In order to verify that the same amount of proteins
(10 Wg) was loaded on each lane of the gels, the brain
membrane samples were separately subjected to
SDS-PAGE and stained with Coomassie blue (data
not shown). Although the gels represented numerous
protein bands, densitometric analysis of the 42-kDa
band (possibly actin) revealed that intensities of the
bands are comparable between alcoholics and con-
trols, suggesting that the same amount of proteins
was loaded on each lane. Therefore, the possibility
that a lower amount of proteins was loaded with
alcoholic samples compared with controls can be
ruled out. Thus, it is plausible that there are distinct
Fig. 3. Densitometric analysis of the 120-kDa immunoreactive
bands by anti-AC I antibody (sc586). Intensities of the 120-kDa
immunostained bands in Fig. 2 were measured and controls
were depicted as 100%. Data represent mean þ S.E.M. Open
bars represent controls and closed bars alcoholics. The number
of subjects are as follows: frontal cortex (¢ve controls and four
alcoholics) ; temporal cortex (six controls and six alcoholics) ;
occipital cortex (four controls and four alcoholics) ; caudate
nucleus (¢ve controls and three alcoholics); putamen (four
controls and three alcoholics); hippocampus (three controls
and three alcoholics). *Signi¢cantly di¡erent from control
(P6 0.05).
Fig. 4. RT-PCR (L-actin). (A) Representative autoradiogram
after agarose gel electrophoresis. (B) Statistical analysis of ra-
dioactivity of the ampli¢ed L-actin DNA bands (254 bp). Open
bar represents controls (n = 8) and closed bar alcoholics (n = 8).
Data represent mean þ S.E.M.
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properties for the transcriptional control of AC I
depending on the region of the brain.
It will be interesting to investigate other types of
adenylyl cyclase (AC II^IX) in postmortem brain.
An experiment with the temporal cortex was done
by our group and amounts of AC II, V and VI
were comparable between alcoholics and controls
[5]. Therefore, a quantitative reduction in AC I pro-
tein in the temporal cortex of the brain might be one
of the features of alcoholics. Quantitative study of
other types of adenylyl cyclase in the various areas
of brains should now be undertaken.
It has been suggested that AC I is primarily
present in the brain [10,11,21] and involved in syn-
aptic plasticity [12]. It has also been demonstrated
that AC I is developmentally expressed and is in-
volved in neuronal functions [13]. Although the ex-
istence of a relationship between alcoholics and a
quantitative reduction of AC I is obscure, a decrease
in amounts of AC I in the brain may function as a
biological marker for alcoholics.
Our previous study has demonstrated that the
amounts of Gs in human platelets are decreased in
alcoholics compared with controls [6]. Moreover,
ethanol-induced augmentation of photo a⁄nity la-
beling of G proteins (both Gs and Gi/o) by GTP
analog (azidoanilido GTP) is attenuated in both the
postmortem human brain and platelet of alcoholics
compared with controls [7,8]. Therefore, not only AC
I, but also G protein are likely to be a¡ected in
alcoholics. As AC I activity is regulated by Gs in
vivo, the transcriptions of both AC I and Gs proteins
might be regulated cooperatively.
It was suggested by RT-PCR that mRNA levels of
AC I were reduced in alcoholics compared with con-
trols (Fig. 5). On the other hand, few immunostained
bands with anti-AC I antibody were observed in
blood cells (data not shown). The results in Fig. 5
might have arisen from a non-speci¢c ampli¢cation
of DNA. In order to test this possibility, we per-
formed an experiment using several restriction en-
zymes. Since the ampli¢ed AC I DNA is expected
to have one restriction site in the middle of the
DNA for enzyme Fok I, but not for Bsm I, the
DNA product was incubated with either Fok I or
Bsm I. It was found that the ampli¢ed DNA product
Fig. 6. RT-PCR (AC VIII). (A) Representative autoradiogram
after agarose gel electrophoresis. (B) Statistical analysis of ra-
dioactivity of the ampli¢ed AC VIII DNA bands (258 bp).
Open bar represents controls (n = 8) and closed bar alcoholics
(n = 8). Data represent mean þ S.E.M. **Signi¢cantly di¡erent
from control (P6 0.01).
Fig. 5. RT-PCR (AC I). (A) Representative autoradiogram
after agarose gel electrophoresis. (B) Statistical analysis of ra-
dioactivity of the ampli¢ed AC I DNA bands (264 bp). Open
bar represents controls (n = 8) and closed bar alcoholics (n = 8).
Data represent mean þ S.E.M. *Signi¢cantly di¡erent from con-
trol (P6 0.05).
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formed lower molecular mass products with Fok I
compared with the original band, but not with Bsm
I, suggesting that the ampli¢ed DNA was AC I (data
not shown). The mRNA level of the other type of
AC (AC VIII) was also decreased in alcoholics (Fig.
6). The reason why the magnitude of AC VIII reduc-
tion was greater than that of AC I (Figs. 5 and 6) is
uncertain. AC VIII was cloned from rat brain libra-
ries and its deduced amino acids possessed over 675
amino acids almost identical to those of the human
AC DNA [17,20]. Although the similarity of the en-
zymatic properties of AC I and AC VIII is evidenced
by the fact that they are both activated by calmodu-
lin, their message levels are distinct, depending on
the regions in the brain [20,22]. It will be interesting
to investigate whether or not the amount of AC VIII
is regionally altered in alcoholics using speci¢c anti-
body.
Although mRNA levels in blood cells will not re-
£ect the mRNA levels in brain tissues, they are, at
very least, a possible marker for alcoholics. The de-
creased mRNA levels in alcoholics lead us to spec-
ulate that a genetic alteration is involved in the tran-
scriptional control of AC subtypes in alcoholics.
Thus, it will be intriguing to investigate the regula-
tion of AC subtypes expression, such as transcription
factor of AC subtypes, in alcoholics. On the other
hand, another possible reason for the reduced
mRNA levels of AC subtypes in blood cells is that
if mutational alteration is involved in the ampli¢ed
DNA region, the detectable mRNA levels might be
reduced due to an inadequate hybridization between
the primer(s) and the cDNA. Further study is re-
quired to solve these problems. Besides the altera-
tions in AC I and AC VIII mRNA levels, it will be
interesting to know if the other types of AC mRNA
levels in blood cells are altered in alcoholics or not.
AC activity in the human platelet has been shown
to be decreased in alcoholics [3]. The present study
may indicate that the reduced activity of AC in the
platelet is caused by the reduced amount of AC.
Chronic ingestion of ethanol has been demonstrated
to reduce the amount of Gs in mice cerebral cortex
[6]. Moreover, the experiments using mice have indi-
cated that AC I activity in the brain is reduced by
chronic ingestion of alcohol [23], although it is un-
certain if this reduction of AC I activity is caused by
the reduced amounts of AC I or not. It is not known
if the reduction of the enzyme activity is a congenital
alteration or not. It is of interest to clarify the mech-
anisms for the alterations caused by chronic injection
of ethanol and to compare them with the mecha-
nisms of alcoholics.
In summary, we demonstrated that the amount of
AC I, primarily expressed in the brain, was reduced
regionally in the postmortem brain of alcoholics. We
also showed that mRNA levels of both AC I and AC
VIII were reduced in the blood cells of alcoholics.
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